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Abstract 

Background: While it is now more than a decade since the first description of the gene mutation underlying the 
tumour predisposition syndrome multiple endocrine neoplasia type 1 (MENl), the mechanism by which its protein 
product menin acts to prevent development of tumours is still poorly understood. 

Methods: We undertook a genetic experiment to assess whether menin synergises with p53. Mice carrying various 
combinations of Men! and Trp53 mutations were generated then survival and pathology assessed. 

Results: While homozygous loss of Trp53 in mice resulted in early onset, aggressive tumours and profoundly 
reduced lifespan, heterozygous loss of either Trp53 or Men! caused later onset disease, with a spectrum of tumours 
characteristic of each tumour suppressor gene. Loss of one copy of Men 1 in animals also lacking both alleles of 
Trp53 did not exacerbate phenotype, based on survival, animal weight or sites of pathology, compared to Trp53 
deletion alone. Dual heterozygous deletion of Men 1 and Trp53 resulted in a small reduction in lifespan compared to 
the individual mutations, without new tumour sites. In the adrenal, we observed development of cortical tumours 
in dual heterozygous animals, as we have previously seen in Menl^^~ animals, and there was loss of heterozygosity 
at the Menl allele in these tumours. Median number of pathology observations per animal was increased in dual 
heterozygous animals compared with heterozygous loss of Trp53 alone. 

Conclusions: Simultaneous heterozygous deletion of Menl in animals with either heterozygous or homozygous 
deletion of Trp53 did not result in formation of tumours at any new sites, implying additive rather than synergistic 
effects of these pathways. Mice that were Menl^^~ in addition to Trp53'^^~ had tumours in endocrine as well as 
other sites, implying that increase in total tumour burden, at sites typically associated with either Menl or Trp53 
loss, contributed to the slight decrease in survival in Menl^^~: Trp53^^~ animals in comparison with their littermates. 



Background participates in the BRCA/p53 pathway of tumour sup- 

Menin, the tumour suppressor product of the MENl pression [7]. 

gene that is mutated in the human tumour predisposition Both spontaneous and familial cases of human MENl 
syndrome multiple endocrine neoplasia type 1 (MENl), mutation result in predisposition to a range of tumour 
is a 610 amino acid protein with no homology to any types, predominantly in endocrine organs such as para- 
known proteins [1,2], Menin localises predominantly to thyroid, pituitary and enteropancreatic sites [8]. Several 
the nucleus, and is associated with a variety of proteins groups have published mouse models of MENl, which 
that implicate it in signal transduction pathways, as a replicate the human syndrome and result in tumour de- 
transcriptional co-regulator, and in regulation of chro- velopment, most commonly in endocrine pancreas, pitu- 
matin [3-5]. One of the proteins that associates with itary, parathyroid and thyroid glands, adrenals, in the 
menin is the Fanconi anaemia protein FANCD2 [6], gonads in some models, as well as other rarer sites [9-12]. 
which is involved in response to DNA damage and Mutation of the TRP53 gene encoding p53 has been 

associated with many tumour types [for recent review of 

— , , ,, , . , p53 biology see 13]. Sporadic somatic mutations are 
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tions are associated with Li Fraumeni syndrome (LFS), 
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characterized by autosomal dominant inheritance and 
early onset tumour development, multiple tumours within 
an individual, and multiple affected family members. 
The most frequent tumour types in LFS are soft tissue 
sarcomas and osteosarcomas, breast cancer, brain tu- 
mours, leukaemia, and adrenocortical carcinoma (OMIM 
151623). Mouse models of Trp53 deletion also exhibit a 
range of cancer types, particularly sarcoma and lymph- 
oma [14,15]. 

Our previous experiments have indicated that com- 
pound heterozygous loss of both Menl and Rbl genes 
has little effect on the rate, severity or onset of tumori- 
genesis, or on the spectrum of observed tumour types 
compared to individual gene deletions [16]. In contrast, 
the comparable cross of animals with heterozygous loss 
of both Rbl and Trp53 genes resulted in a marked in- 
crease in severity, decreased median lifespan, and the oc- 
currence of novel tumour types not observed in either of 
the individual knockout animals [17,18]. Trp53 can act 
synergistically with Brca2 [19] and Cdkn2c [20], a known 
menin-regulated gene [5,21]. pl8, the protein product of 
Cdkn2c, also collaborates with menin to suppress neu- 
roendocrine tumorigenesis [22]. We therefore sought to 
ascertain whether a similar genetic interaction would be 
observed between Menl and Trp53, 

Methods 

Mice with a targeted disruption of exon 2 of Menl have 
been previously described, and were genotyped by PGR 
from tail or ear biopsy DNA [11]. Mice with targeted de- 
letion of Trp53 obtained from Tyler Jacks were main- 
tained and genotyped as previously described [15]. A 
cohort of animals including various combinations of the 
two tumour suppressor gene deletions were generated 
by cross-breeding and maintained under authorisation 
from the Queensland Institute of Medical Research Ani- 
mal Ethics Committee in compliance with the Australian 
Code of Practice for the Care and Use of Animals for 
Scientific Purposes, in standard housing conditions with 
12 hour light-dark cycle with food and water available 
ad libitum. Animals of the expected range of genotypes 
were born and viable, and all initially appeared normal 
and healthy. Cohorts were subsequently monitored pe- 
riodically for signs of illness or overt tumour devel- 
opment. Upon observation of morbidity, animals were 
euthanased by CO2 asphyxiation, weighed, and a full 
necropsy carried out. At 21 months the experiment was 
terminated and all remaining animals culled and ne- 
cropsies performed. At necropsy any pathology such as 
tumours or other grossly visible abnormalities were noted. 
Tissues were rinsed in PBS then fixed overnight in 10% 
neutral buffered formalin, washed in 70% ethanol and 
re-assessed using a stereomicroscope to confirm obser- 
vations. Age was calculated using the date of birth and 



date of death to calculate the age in days, then divid- 
ing this value by 30.416667 to approximate the age in 
months. Survival was plotted in GraphPad Prism 5.01 
for Windows, and Kaplan-Meier survival curves were 
analysed using Gehan-Breslow-Wilcoxon tests (GraphPad 
Software, San Diego U.S.A.). P values less than 0.05 were 
considered significant. Whole animal weights in grams 
were compared by one way ANOVA with Tukey s cor- 
rection for multiple comparisons. Pathology data from 
necropsy observations was tabulated by genotype group 
then analysed using PASW Statistics 17.0 (SPSS Inc., 
Chicago U.S.A.). Loss of heterozygosity was assessed by 
isolation of genomic DNA from formalin fixed tissues, 
followed by genotyping PGR as previously described [16]. 
Products were separated by agarose gel electrophoresis, 
photographed and band intensities calculated using 
ImageJ image analysis software (NIH). Paraffin embed- 
ding and hematoxylin and eosin staining of tissues was 
carried out by the University of Queensland-Queensland 
Institute of Medical Research Histotechnology Facility, 
and sections were scanned using an Aperio Scanscope 
XT (Aperio Technologies, Vista U.S.A.). Histopatholo- 
gical assessment of adrenal sections was carried out a 
histopathologist (PMW), who was blinded to the geno- 
types of the animals. 

Results 

Survival analyses 

Survival analysis indicated that homozygous deletion of 
TrpS3 resulted in dramatically shortened lifespan com- 
pared to wild-type mice, however the further loss of 
one allele of Menl had no significant modif)^ing effect on 
median survival [Menl^'^: TrpS3~'~ median 5.29 months, 
mean 5.192 months, SD 1.172; Ment'~: TrpS3~'~ median 
4.85 months, mean 5.016 months, SD 1.287) (Figure 1). 
Mice with heterozygous deletion of either Menl or Trp53 
had decreased survival compared to their wild-type litter- 
mates. Combined heterozygous deletion of both Menl 
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Figure 1 Survival analysis of animals by genotype. Animals were 
culled on noting morbidity or distress, or at 21 months of age, and 
full necropsies carried out. Presence of any kind of overt gross 
pathology, including tumours or other abnormalities, was scored as 
an event. Data is plotted as a cumulative surviving percentage of 
the cohort of animals, versus age in months. 
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and TrpSS resulted in further reduction in median 
lifespan of almost two months compared to either of 
the individual mutants [Menl^'^: TrpSS^'^ median 
14.47 months, mean 15.76 months, SD 4.061; Ment'^: 
TrpSS^'^ median 14.70 months, mean 15.10 months, SD 
1.804; Menl^'~: TrpSS^'' median 12.79 months, mean 
12.22 months, SD 3.479; p < 0.02). Most of the Menl^'^: 
TrpSS^'^ animals survived in apparent health until 
21 months old, at which time all remaining animals were 
culled and the experiment ended (median age 21.14 months, 
mean 19.10 months, SD 3.756). 

Gross pathology observations 

As was expected based on our previous analyses of mice 
lacking one copy of Menl, the main pathologies ob- 
served in the Menl^'~: TrpSS^'^ cohort were in the pan- 
creas, pituitary, gonads, and adrenal glands (Table 1). 
Gross pathologies observed in our cohort of Menl^'^: 
TrpS3^'~ and Menl^'^: TrpS3~'~ animals were consistent 
with published descriptions of other TrpSS knockouts, 
most commonly including lymph node and spleen path- 
ologies, consistent with the frequent lymphoma ob- 
served previously by others. Menl^'~: TrpSS' animals 
showed essentially the same range of gross pathology 
that was observed in Menl^'^: TrpSS~'~ animals. Menl^'~: 
TrpSS^'~ animals presented with a range of gross path- 
ologies consistent with the phenotypes observed in the 



individual mutants. No tumours were observed in or- 
gans that were not affected in either of the single mu- 
tants. Comparisons for each organ or site of pathology 
between genotype groups (Table 1) indicated that there 
were no statistically significant differences between Menl^'^: 
TrpSS~'~ and Menl^'^: TrpSS~'~ animals in tumorigenesis 
rates at any site. There were also no significant differ- 
ences between Menl^'': TrpSS^'^ and Ment'': TrpSS^'' 
cohorts at any site. In a few organs there were however 
differences between Menl^'^: TrpSS^'~ and Menl^'~: 
TrpSS^'^ cohorts (Two sided Fishers Exact Tests: pituit- 
ary p = 0.011, pancreas p = 0.045, uterus p = 0.038, other 
sites not significant). 

Pancreatic pathology observations 

As has been previously observed, pancreatic endocrine 
pathology is frequently observed in Menl^'~ animals [9-12], 
and in our Menl^'^ animals was histologically described 
as adenoma, which were typically immunopositive for 
insulin [11]. Gross pathology was observed at similar 
rates in the Menl^'': TrpSS^'^ and Menl^'': TrpSS^'' 
cohorts here, as discussed above. Histologically, the ap- 
pearance of islet tumours in Menl^'~: TrpSS^'^ animals 
was not distinguishable from that we have observed in 
the Menl^'~: TrpSS^'^ animals at a comparable age. For 
example. Figure 2 shows haematoxylin and eosin stained 
sections from the pancreas of Menl^'^: TrpSS^'^ and 



Table 1 Pathology observed grossly, by anatomical site 











Trp53^'~ 




Trp53~'~ 








]Trp53^'~ Menl^'~\ 


; Trp53~'~ 


Pituitary 


4/13 


(30.8%) 


0/9 


0 


1/13 


(7.7%) 


14/19 


(73.7%) 


11/21 


(52.4%) 


5/28 


(17.9%) 


Pancreas 


0/13 


0 


1/9 


(11.1%) 


1/13 


(7.7%) 


13/19 


(68.4%) 


12/22 


(54.5%) 


4/28 


(14.3%) 


Thyroid 


3/11 


(27.3%) 


0/8 


0 


0/11 


0 


5/17 


(29.4%) 


9/22 


(40.9%) 


4/27 


(14.8%) 


Parathyroid 


1/11 


(9.1%) 


1/8 


(12.5%) 


0/11 


0 


4/17 


(23.5%) 


5/22 


(22.7%) 


0/27 


0 


Thymus 


0/13 


0 


0/9 


0 


3/13 


(23.1%) 


1/19 


(5.9%) 


2/22 


(9.1%) 


11/28 


(39.3%) 


Lymph Nodes 


2/13 


(15.3%) 


3/9 


(33.3%) 


9/13 


(69.2%) 


4/19 


(21.1%) 


9/22 


(40.1%) 


20/28 


(71.4%) 


Spleen 


1/13 


(7.7%) 


1/9 


(11.1%) 


7/13 


(53.8%) 


3/19 


(15.8%) 


4/22 


(18.2%) 


21/28 


(75.0%) 


Muscle 


0/13 


0 


1/9 


(11.1%) 


5/13 


(38.5%) 


1/19 


(5.3%) 


3/22 


(13.6%) 


6/28 


(21.4%) 


Bone 


0/13 


0 


3/9 


(33.3%) 


0/13 


0 


3/19 


(15.8%) 


2/22 


(9.1%) 


1/28 


(3.6%) 


Bladder/Urethra 


0/13 


0 


2/9 


(22.2%) 


0/13 


0 


0/19 


0 


0/22 


0 


1/27 


(3.7%) 


Prostate/Seminal Vesicles 


2/5 


(40.0%) 


2/6 


(33.3%) 


1/5 


(20.0%) 


1/9 


(11.1%) 


4/12 


(33.3%) 


1/15 


(6.7%) 


Testes 


0/5 


0 


1/6 


(16.7%) 


1/5 


(20.0%) 


5/9 


(55.6%) 


7/12 


(58.3%) 


2/16 


(12.5%) 


Uterus 


3/8 


(37.5%) 


2/3 


(66.7%) 


0/8 


0 


2/10 


(20.0%) 


0/10 


0 


0/11 


0 


Ovaries 


0/8 


0 


1/3 


(33.3%) 


1/8 


(12.5%) 


5/10 


(50.0%) 


6/10 


(60.0%) 


5/11 


(45.5%) 


Mammary Glands 


lP/13 


(7.7%) 


0/9 


0 


0/6 


0 


1 L/18 


(5.6%) 


1 L,1P/17 (5.9%L,5.9%P) 


0/14 


0 


Adrenal Glands 


0/13 


0 


1/8 


(12.5%) 


3/13 


(23.1%) 


5/18 


(27.8%) 


9/21 


(42.6%) 


6/28 


(21.4%) 


Lung 


3/13 


(23.1%) 


1/9 


(11.1%) 


3/13 


(23.1%) 


2/19 


(10.5%) 


4/21 


(19.0%) 


3/28 


(10.7%) 


Liver 


1/13 


(7.7%) 


3/9 


(33.3%) 


3/13 


(23.1%) 


1/19 


(5.3%) 


2/21 


(9.5%) 


6/28 


(21.4%) 



Data are shown as "Number of animals with abnormal or pathology observation "/"Total number of animals" (percentage of cohort), tabulated by genotype group. 
For mammary observations, L indicates appearance similar to lactation as seen during normal pregnancy or suckling, as we have previously observed in some 
animals with pituitary prolactinoma, P indicates other pathology. 
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Figure 2 Pancreatic pathology. Haematoxylin and eosin stained sections from tine pancreata of littermate Menl^^ : Trp53^^^ and Menl' 
Trp53^^~ animals as indicated (botli between 12 and 13 montlis old at time of necropsy). Bars represent 500 |jm. 



littermate Menl^ ": Trp53^ ~ animals, including some 
large, highly vascular adenomas, but notably some small- 
er and histologically normal islets are still apparent in 
each of these animals. Consistent with the younger age 
at necropsy in Menl^'~: TrpS3~'~ animals, islets in these 
animals were sometimes hyperplastic but had rarely pro- 
gressed to frank adenoma (not shown). 

Adrenal pathology observations 

Adrenal pathology is sometimes observed in Menl^'~ 
animals [9-12], and was apparent at a statistically similar 
rate in our Menl^'^: TrpSS^'^ cohort. We obtained gen- 
omic DNA from some of these adrenal tumours, and by 
comparison with normal tissue (from the liver of the 
same animal), observed that these adrenal tumours had 
undergone loss of heterozygosity at the Menl locus, with 
relative over-representation of the deleted allele (Figure 3 
A and B). 

Histological analysis revealed that large adrenal tu- 
mours in several Menl^'~: TrpSS^'^ animals were cor- 
tical adenomas or carcinomas, similar to those we had 
previously observed in our analysis of Menl^'^ animals 
[11]. Figure 3C shows adrenal histology from litter mate 
Ment'-: TrpSS^'^ and Ment'': TrpSS^'' animals (14 
and 12 months old respectively), in which both animals 
developed similar cortical adenoma and hyperplasia. In 
two Menl^'^: TrpSS^'^ animals in which pathology was 
grossly observed in the adrenal, histological assessment 
showed one of these to be a teratocarcinoma, and an- 
other was a poorly differentiated malignant neoplasm of 
uncertain origin, most likely an undifferentiated cortical 
carcinoma. 

Animal weight 

We also compared weight between genotype groups 
(Figure 4). The Menl^'^: TrpSS^'^ (mean 34.36 g, range 
21.7 - 52.5) diwd Ment'': TrpS3~'' (mean 31.98 g, range 
15.1 - 44.4) animals, while not significantly different 
from each other, were generally lighter than the other 
genotype cohorts. There were no significant differences 



in weight between Menl^ : TrpS3^ (mean 44.49 g, 
range 25.9 - 59.0), Ment'^: TrpSS^'' (mean 44.44 g, 
range 28.3 - 54.1), Ment'': TrpSS"'' (mean 45.07 g, range 
27.0 - 61.5) 2indMenl^'^: TrpSS^'^ (mean 45.68 g, range 
37.3 - 53.4) cohorts, indicating that general growth and 
development of these animals was not grossly disrupted. 

Occurrence of multiple pathology observations 

A defining feature of both MENl and Li Fraumeni syn- 
dromes is the occurrence of multiple tumours, and a 
possible explanation for the decreased lifespan of the 
dual heterozygous animals compared to either of the in- 
dividual lines may be increased overall tumour burden. 
This could be indicated by a higher total number of 
pathology observations per animal. As shown in Figure 5, 
pathology observations were recorded in multiple organs 
for most animals in all cohorts, including some of the 
wild-type littermates (Menl^'^: TrpSS^'^), which gener- 
ally reached very advanced age but nevertheless had of- 
ten developed several minor pathologies. Comparison of 
the number of scored "pathological" observations per 
animal indicated that Menl^'~: TrpSS^'^ animals pre- 
sented with a median of four pathological events com- 
pared to two for Menl^'^: TrpSS^'^ animals (p = 0.016, 
Fishers Exact Test) or three in the Menl^'~: TrpSS^'^ 
cohort (p = 0.715, Fisher s Exact Test). Ment'~: TrpS3~'~ 
animals showed a median of three observed pathologies 
while Menl^'^: TrpS3~'~ animals showed two (p = 0.183, 
Fishers Exact Test). 

Discussion 

Homozygous deletion of the mouse Menl gene is lethal 
during embryogenesis [9,23], while homozygous deletion 
of TrpSS in mice results in rapid onset development of 
multiple tumours and severely shortened lifespan com- 
pared to wild-type animals, or even to animals with 
heterozygous deletion of TrpSS [14,15]. Compound het- 
erozygous Menl^'~: TrpS3^'~ animals described here 
were viable into adulthood, and median survival was 
much longer than the corresponding cohort of animals 
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Figure 3 Adrenal pathology. PCR was used to assess the 
representation of wild type and mutated alleles of Men 1 in genomic 
DNA from adrenal tumours, and from liver from the same animal as 
a control (A). Results of these assays were quantified and the relative 
representation of the mutated compared to the wild type allele in 
tumours was normalised to the band intensities in the liver of the 
same animal. Mean (+SE) of triplicate experiments is shown in (B). 
(C) Histopathology of adrenal glands from litter mate Menl^^~: 
Trp53^^^ and Ment^~: Trp53^^~ animals (14 and 12 months old 
respectively at necropsy) as indicated, showing similar cortical 
hyperplasia and adenoma development. Bars represent 500 pm. 



with homozygous deletion of Trp53, indicating that losing 
one copy each of both Menl and Trp53 is not biologically 
equivalent to losing both copies of Trp53 or of Menl, 

Animals with homozygous deletion of TrpSS, particu- 
larly those which also had deletion of one copy of Menl, 
had lower whole body weights at necropsy, which we at- 
tribute primarily to the much younger age at which 
these animals showed onset of disease symptoms. A sec- 
ondary contributing factor may be that when the Menl^'^: 
TrpS3~'~ and Menl^'~: TrpS3~'~ animals became ill they 
appeared to lose condition rapidly, and thus by the time 
of necropsy may have lost weight compared to remain- 
ing animals that were still healthy at the same age. This 
may be comparable to the wasting or cachexia often 
observed in human cancer patients. 



We monitored the occurrence of tumours in these 
cohorts of animals and found that an endocrine pattern 
of tumorigenesis similar to that seen in MENl syndrome 
in humans, and in mice with heterozygous deletion of 
Menl, is still apparent when combined with heterozy- 
gous loss of p53. The tumour types associated with LPS 
in humans with heterozygous loss of TRP53 are not per- 
fectly recapitulated by heterozygous or homozygous loss 
of Trp53 in mice, however each of these is associated 
with its own particular spectrum of tumour development 
[14,15]. We have noted that each of these spectra is also 
retained in combination with Menl^'~. We thus con- 
clude that mutations affecting either p53 or menin are 
associated with particular cellular consequences which 
correspond to propensity for tumorigenesis in particular 
tissues, and that additional mutations affecting the other 
pathway have negligible effect in terms of tissue specifi- 
city of tumour development. The absence of additional 
tumour sites is in contrast to previous descriptions of 
genetic interaction between TrpS3 and Rbl in which tu- 
mours develop in additional sites as well as with in- 
creased severity, resulting in dramatically shortened 
lifespan [17,18]. 

Notably, the sites where pathology frequencies varied 
between Menl^'^: TrpS3^'~ and Menl^'~: TrpS3^'~ co- 
horts included the pancreas and pituitary, which are typ- 
ical sites of 7 -associated tumorigenesis in mice, and 
the uterus, which may be affected by alterations in hor- 
mones secondary to pituitary pathology. 

Conclusions 

Both Li-Fraumeni and MENl syndromes are associated 
with high risk of development of multiple tumours 
(OMIM 151623 and 131100). This is also the case in 
both Menl^'^ and TrpS3^'' mice, as we and others have 



^ 40- 





Figure 4 Animal weight at necropsy by genotype. Mean whole 
animal weight at necropsy (grams), by genotype group. Error bars 
represent SE. * p < 0.05, ***p < 0.001 by ANOVA with Tukey's test. 
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Figure 5 Number of pathology observations per animal by genotype. Data from observations at necropsy were recorded and the total 
number of pathological/abnormal observations per animal compiled. Data are plotted by genotype as indicated, with each individual animal 
represented as a dot point, and median number of observations per animal for each genotype group indicated by a horizontal line. * p < 0.05, 
**p < 0.01, ***p < 0.001, Fisher's exact test. 



observed previously and confirmed here. The observa- 
tion of highest median number of pathology observations 
per animal in the Menl^'^: TrpS3^'~ cohort indicates 
that tumours at more sites, likely corresponding to in- 
creased total tumour burden, was the cause underlying 
the steeper slope of the survival curve for these animals 
in comparison with either mutation alone. This resulted 
in the shortening of median lifespan for the Menl^'~: 
TrpS3^'~ cohort. 

Mice with a combination of mutations affecting p53 
and menin retain both of the tissue specific patterns of 
tumorigenesis associated with each of these tumour sup- 
pressors. They develop cancers in the endocrine pattern 
typically associated with MENl [8-12] and the sarcoma/ 
lymphoma constellation that has been typically linked to 
the p53 pathway [14,15]. These data imply that menin 
and p53 have independent and non-synergistic effects 
on tumorigenesis. 

We cannot exclude the possibility that these mutations 
have consequences that result in changes in biology at a 
molecular level in individual cells, however this is not 
apparent at the level of gross tumour development. This 
implies some level of plasticity or compensation, or of 
independent pathways of activity for menin and p53. 

We postulate that the increased total tumour burden, 
without new tumour types, in the compound Menl^'~: 
TrpS3^'~ cohort underlies the slightly shorter median 
survival of the compound heterozygous animals, com- 
pared to heterozygous loss of either of these tumour 
suppressor genes alone. 



TRP53 is very frequently mutated in many types of 
tumours, however comprehensive sequencing of exomes 
of sporadic human pancreatic neurendocrine tumours 
identified mutations in Trp53 in only two of 68 tumours 
[24]. The molecular pathway by which p53 acts to pre- 
vent tumour development can be disrupted in cancers 
by multiple mechanisms, not only by sequence mutation 
of the gene itself [for example 25] but the experiment 
described here provides genetic confirmation that dis- 
ruption of the broader p53 pathway is unlikely to be im- 
portant in these endocrine tumour types. Therapeutic 
avenues targeting the p53 pathway are therefore likely to 
be of little clinical utility in treatment of such tumours. 

Competing interests 

The authors declare that they have no competing interests. 
Acknowledgements 

The authors acknowledge input from Dr. Magdalena Serewko-Auret, and the 
technical assistance of staff of the QIMR Small Animal Facility. NKH is a 
Senior Principal Research Fellow of the National Health and Medical 
Research Council of Australia. Work in NKH and GFK's laboratories is 
supported by grants from the Australian Research Council, the National 
Health and Medical Research Council of Australia and the Cancer Council 
Queensland. 

Author details 

^Queensland Institute of Medical Research, 300 Herston Road, Herston, QLD 
4006, Australia. ^Department of Pathology, University of Melbourne, Parkville, 
VIC 3010, Australia. ^Present address: William Dunn School of Pathology, 
University of Oxford, Oxford, UK. 

Authors' contributions 

AWM, NKH and GFK designed and planned the experiments. AWM and KAL 
carried out all animal work. KAL carried out LOH analyses, compiled data and 



Loffler et al. BMC Cancer 201 2, 1 2:252 Page 7 of 7 

http://www.bionnedcentral.conn/1471-2407/12/252 



performed statistical ar^alyses and wrote the manuscript. PMW assessed 
adrenal histopathology. All authors assisted with drafting the manuscript, 
and read and approved the final manuscript. 

Received: 1 Decennber 201 1 Accepted: 18 June 2012 
Published: 18 June 2012 



References 

1. Chandrasekharappa SC, Guru SC, Manickam P, Olufemi SE, Collins FS, 
Emmert-Buck MR, Debelenko LV, Zhuang Z, Lubensky lA, Liotta LA, et al: 
Positional cloning of the gene for multiple endocrine neoplasia-type 1. 
Science 1997, 276:404-407. 

2. Lemmens I, Van de Ven WJ, Kas K, Zhang CX, Giraud S, Wautot V, Buisson N, 
De Witte K, Salandre J, Lenoir G, et al: Identification of the multiple 
endocrine neoplasia type 1 {MEN!) gene. The European Consortium on 
MEm.Hum Mol Genet 1997, 6:1 1 77-1 183. 

3. Poisson A, Zablewska B, Gaudray P: Menin interacting proteins as clues 
towards the understanding of multiple endocrine neoplasia type 1. 
Cancer Lett 2003, 189:1-10. 

4. Hughes CM, Rozenblatt-Rosen 0, Milne TA, Copeland TD, Levine SS, Lee JC, 
Hayes DN, Shanmugam KS, Bhattacharjee A, Biondi CA, et al: Menin 
associates with a trithorax family histone methyltransferase complex and 
with the Hoxc8 locus. Mol Cell 2004, 13:587-597. 

5. Karnik SK, Hughes CM, Gu X, Rozenblatt-Rosen 0, McLean GW, Xiong Y, 
Meyerson M, Kim SK: Menin regulates pancreatic islet growth by 
promoting histone methylation and expression of genes encoding 
p27Kip1 and pi 8INK4c. Proc Natl Acad Sci USA 2005, 

1 02(41 ):1 4569-1 4664. 

6. Jin S, Mao H, Schnepp RW, Sykes SM, Silva AC, D'Andrea AD, Hua X: Menin 
associates with FANCD2, a protein involved in repair of DNA damage. 
Cancer Res 2003, 63:4204-4210. 

7. Houghtaling S, Timmers C, Noll M, Finegold MJ, Jones SN, Meyn MS, 
Grompe M: Epithelial cancer in Fanconi anemia complementation group 
D2 (Fancd2) knockout mice. Genes Dev 2003, 17:2021-2035. 

8. Marx SJ, Agarwal SK, Kester MB, Heppner C, Kim YS, Skarulis MC, James LA, 
Goldsmith PK, Saggar SK, Park SY, et al: Multiple endocrine neoplasia type 
1: clinical and genetic features of the hereditary endocrine neoplasias. 
Recent Prog Horm Res 1999, 54:397-438. discussion 438-399. 

9. Crabtree JS, Scacheri PC, Ward JM, Garrett-Beal L, Emmert-Buck MR, 
Edgemon KA, Lorang D, Libutti SK, Chandrasekharappa SC, Marx SJ, et al: A 
mouse model of multiple endocrine neoplasia, type 1, develops multiple 
endocrine tumors. Proc Natl Acad Sci ^7 S /\ 2001 , 98:1 1 1 8-1 1 23. 

10. Bertolino P, Tong WM, Galendo D, Wang ZQ, Zhang CX: Heterozygous 
Men! mutant mice develop a range of endocrine tumors minicking 
multiple endocrine neoplasia type 1. Mo/ Endocrinol 2003, 17:1880-1892. 

1 1 . Loffler KA, Biondi CA, Gartside MG, Waring P, Stark MS, Serewko-Auret MM, 
Muller HK, Hayward NK, Kay GF: Broad tumour spectrum in a mouse 
model of multiple endocrine neoplasia type ^. Int J Cancer 2007, 
120:259-267. 

12. Harding B, Lemos MC, Reed AA, Walls GV, Jeyabalan J, Bowl MR, Tateossian 
H, Sullivan N, Hough T, Eraser WD, et al: Multiple Endocrine Neoplasia 
Type 1 (MEN1) knockout mice develop parathyroid, pancreatic, pituitary 
and adrenal tumours with hypercalcaemia, hypophosphataemia and 
hypercorticosteronaemia. Endocr Relat Cancer 2009, 16:1313-1327. 

13. Levine AJ, Oren M: The first 30 years of p53: growing ever more complex. 
Nat Rev Cancer 2009, 9:749-758. 

14. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr, Butel 
JS, Bradley A: Mice deficient for p53 are developmentally normal but 
susceptible to spontaneous tumours. Nature 1992, 356(6366):21 5-221. 

15. Jacks T, Remington L, Williams BO, Schmitt EM, Halachmi S, Bronson RT, 
Weinberg RA: Tumor spectrum analysis in p53-mutant mice. Curr Biol 
1994, 4(l):l-7. 

16. Loffler KA, Biondi CA, Gartside MG, Serewko-Auret MM, Duncan R, Tonks ID, 
Mould AW, Waring P, Muller HK, Kay GF, et al: Lack of augmentation of 
tumor spectrum or severity in dual heterozygous Men! and Rbl 
knockout mice. Oncogene 2007, 26:4009-4017. 

17. Williams BO, Remington L, Albert DM, Mukai S, Bronson RT, Jacks T: 
Cooperative tumorigenic effects of germline mutations in Rb and p53. 
Nat Genet 1 994, 7(4):480-484. 



19. 



20. 



22. 



23. 



24. 



25. 



Harvey M, Vogel H, Lee EY, Bradley A, Donehower LA: Mice deficient in 
both p53 and Rb develop tumors primarily of endocrine origin. Cancer 
Res 1995, 55:1146-1151. 

Jonkers J, Meuwissen R, van der Gulden H, Peterse H, van der Valk M, Berns 
A: Synergistic tumor suppressor activity of BRCA2 and p53 in a 
conditional mouse model for breast cancer. Nat Genet 2001, 29:418-425. 
Damo LA, Snyder PW, Franklin DS: Tumorigenesis in p27/p53- and pi 8/ 
p53-double null mice: functional collaboration between the pRb and 
p53 pathways. Mol Carcinog 2005, 42(2):109-120. 
Mould AW, Duncan R, Serewko-Auret M, Loffler KA, Biondi C, Gartside M, 
Kay GF, Hayward NK: Global expression profiling of murine MEN1- 
associated tumors reveals a regulatory role for menin in transcription, 
cell cycle and chromatin remodelling. Int J Cancer 2007, 121:776-783. 
Bai F, Pel XH, Nishikawa T, Smith MD, Xiong Y: p18lnk4c, but not p27Kip1, 
collaborates with Meni to suppress neuroendocrine organ tumors. 
Mol Cell Biol 2007, 27:1495-1504. 

Bertolino P, Radovanovic I, Casse H, Aguzzi A, Wang ZQ, Zhang CX: Genetic 
ablation of the tumor suppressor menin causes lethality at mid- 
gestation with defects in multiple organs. Mech Dev 2003, 120:549-560. 
Jiao Y, Shi C, Edil BH, de Wilde RF, Klimstra DS, Maitra A, Schulick RD, Tang 
LH, Wolfgang CL, Choti MA, et al: DAXX/ATRX, MENI, and mTOR pathway 
genes are frequently altered in pancreatic neuroendocrine tumors. 
Science 2011, 331 (6021 ):1 199-1203. 

Post SM, Quintas-Cardama A, Pant V, Iwakuma T, Hamir A, Jackson JG, 
Maccio DR, Bond GL, Johnson DG, Levine AJ, et al: A High-Frequency 
Regulatory Polymorphism in the p53 Pathway Accelerates Tumor 
Development. Cancer Cell 2010, 18(3):220-230. 



doi:1 0.1 1 86/1 471 -2407-1 2-252 

Cite this article as: Loffler et al.: Menin and p53 have non-synergistic 
effects on tumorigenesis in mice. BMC Cancer 2012 12:252. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



